Abstract We use numerical simulations to investigate the redistribution of noise in a saturated SOA. A comparison of cross-gain modulation and self-modulation pass-through modes shows fundamental differences relevant to all-optical wavelength converters and regenerators.
Introduction
Realisation of transparent optical networks requires that a number of signal processing operations, today made in the electrical domain, can be done all-optically with acceptable noise performance. In non-linear devices for all-optical signal processing such as wavelength converters and regenerators, the performance depends on both the noise added by the device and the redistribution of the input noise. Since many of these devices are based on saturation effects in semiconductor optical amplifiers (SOAs), their noise properties are relevant to investigate in detail. The noise properties of cross-gain modulation (XGM) in SOAs have been investigated in [1] [2] [3] [4] and the noise redistribution in pass-through mode in [5, 6] . In this work we compare the XGM and pass-through modes by studying noise distributions and the interplay between input noise and added amplified spontaneous emission noise.
The concept and numerical model
We consider an SOA with two input channels, signal 1 and signal 2. In the XGM case we assume the input noise in signal 1 to be dominant, and study how it is transferred to signal 2. In the pass-through case we assume that the dominant input noise is on signal 2. In both cases we examine signal 2 at the output.
The SOA model is a rate equation model including co-propagating amplified spontaneous emission noise through Langevin noise terms. The model is derived from references [7,S] , and more details on similar simulations can be found in reference [9] . The output signal is detected using an ideal noiseless detector and the resulting electrical signal is filtered in order to simulate a limited detection bandwidth. The detected signal is characterized using statistical central moments in order to quantify the degree of noise redistribution. The two measures used are the standard deviation (derived from the second order central moment) and the skewness (derived from the third order central moment) [10] . The skewness describes the asymmetry of the probability density function, PDF, of the signal 
Results
All the simulations are performed at a total input power of -5 dBm, where the gain is saturated and equal to 13 dB. We consider three different relative input powers of the two Signals, P1,in=9P2,in, P1,in=P2,in, P2,in=9P1,in. These operating points are shown in figure 1 , together with the intensity transfer functions for the two cases. In each case the three transfer curves are for fixed input signals Pl,in (pass-through) or P2,in (XGM) given by the operating points. The output 3 dB saturation power is about 0 dBm. Both signals are CWo The input signal to noise ratio of the noisy signal is 15 dB at a detection bandwidth of 10GHz.
The noise compression in an SOA due to gain modulation is well understood for both XGM [3, 4] and pass-through [5, 6] . Figure 2 shows the output standard deviation normalised with the standard deviation at the input, for the same detection bandwidth, and with the saturated gain. The noise suppression due to the low slope of the transfer functions (see Fig. 1 ) is seen for both cases. For the XGM this means that a high PI results in larger noise suppression, while for the pass through case a larger suppression is achieved for large Pz. Furthermore the different bandwidth dependence of the two cases, low-pass for XGM and high-pass for pass-through, is seen. For the XGM case an interesting interplay between the transferred noise and added ASE is seen when the same simulation but without ASE is plotted. The high-pass characteristic of the ASE from the saturated SOA [5] counteracts the low-pass characteristic of the transferred noise and results in a fairly constant standard deviation with detection bandwidth. The large relative influence of the ASE in the low PI case is due to the small input noise connected to the input power through the constant signal to noise ratio. The skewness of the two cases is shown in figure 3 . For the pass-through case there is a shift towards smaller skewness for all operating points, in accordance with [6] and what is expected from the curvature of the non-linear static transfer function. In the XGM case, however the situation is a bit more complex. The input intensity noise has a non-central X 2 -distribution, in accordance with Gaussian noise in the optical field. This distribution always has a positive skewness and when it is transferred through the XGM the high power side of the input distribution becomes the low power side of the output distribution, and hence the distribution is mirrored and the output skewness becomes negative. This effect can be seen for the low PI case in figure 3 (right side), although the effect is again hidden by the added ASE noise, which is non central X 2 -distributed and has a high-pass characteristic. For higher PI the curvature of the transfer function redistributes the noise in the opposite 395 direction compared to the pass-through case and the skewness becomes even more positive.
These noise redistributions are relevant to bit error rate, BER, estimations in a communication system since the BER is evaluated in the tails of the probability distributions where the redistribution due to non-linear transfer functions is large. In both the pass-through and XGM cases the redistribution skews the distribution in a direction that counteracts the improvement in SNR expected from the suppression of the standard deviation of the noise. 
Conclusions
The non-linear redistribution of noise in pass-through and XGM in a saturated SOA is shown to not only suppress the noise but also distort the noise distribution such that the potential improvement in signal quality due to the noise suppression is counteracted. This has important consequences for all-optical regenerators and wavelength converters.
